Introduction
It is well known that leaf structure varies both within and between species in relation to ecological gradients. The parameter that is most widely used to express this variation is leaf mass per area (LMA). However, LMA comprises two indices, leaf density (LD) and leaf thickness (LT), which can indicate opposite and contradictory information. For this reason, Witowski and Lamont (1994) and Wilson et al. (1999) considered LMA to be an ambiguous indicator. High leaf density corresponds to a thick palisade mesophyll and a small volume ratio of intercellular spaces to the whole mesophyll (mesophyll porosity). Increases in leaf density lead to a decrease in assimilative leaf compounds in relation to mechanical leaf structures, and to extensive modifications in leaf anatomy that may result in increases in intercellular transfer resistance to CO 2 (Niinemets 1999) . However, when leaf thickness is related only to the increase in spongy mesophyll, leaf conductance to water increases. High leaf density values are associated with an increase in the apoplastic fraction of cells, although dense leaves also contain more chlorophyll and more photosynthetically active enzymes on an area basis, implying a high nitrogen content.
In many woody species, LMA (considered an index of sclerophylly) increases in response to drought, increasing altitude and decreasing soil fertility (Gutschick 1999 , Roderick et al. 2000 . In addition, LMA, or the parameters associated with it, especially LD, plays an important role in foliar acclimatization to high concentrations of tropospheric ozone (Pääkkönen et al. 1997) , as well as in inter-and intra-specific sensitivity to ozone (Bennett et al. 1992 , Lee et al. 1999 , Ferdinand et al. 2000 , Gravano et al. 2003 and in detoxifying processes (Lyons et al. 2000) . Considerable variations in LMA have been observed in the mesophile forest species beech (Fagus sylvatica L.) in relation to irradiance and height within the crown (Bonneau 1981) , and in response to altitude gradients (Bussotti et al. 1998) , local stress conditions and crown conditions (Bussotti et al. 1995 (Bussotti et al. , 1997 . Increases in LMA of beech trees can be accompanied by enhanced produc-tion of secondary metabolites (Bussotti et al. 1998) .
Beech is grown extensively throughout Europe, occurring from southern Scandinavia to the southernmost regions of the Mediterranean basin. It occupies a broad range of ecological conditions, suggesting that it possesses a high adaptability (Tognetti et al. 1995 , Bauer et al. 1997 , Aranda et al. 2000 , Garcia-Plazaola 2000 , Peuke et al. 2002 . Among the acclimatization mechanisms of beech, changes in LMA may be important. Evidence of more marked sclerophylly in southern provenances compared with northern provenances has been reported (Bauer et al. 1997) . We investigated variations in sclerophylly in Italian beech stands in relation to ecological and geographical gradients. We hypothesized that sclerophylly increases across a north-south gradient because of morphological and functional adaptations to increasingly Mediterranean conditions. We also hypothesized that elevated ozone concentrations affect leaf morphology.
Materials and methods

Sampling sites
The investigation was performed in seven adult beech stands that form part of the Italian network of CONECOFOR permanent monitoring plots (Petriccione and Pompei 2002) , established within the European intensive forest monitoring program (De Vries et al. 2000a , 2000b . The plots are distributed along a north-south gradient, from the alpine region to the southernmost tip of the Apennines. The locations of the plots, Val Sessera (Piemonte, herafter PIE), Moggio (Lombardia, LOM), Pian di Cansiglio (Veneto, VEN), Brasimone (Emilia, EMI), Vallombrosa (Toscana, TOS), Selva Piana (Abruzzo, ABR), Piano Limina (Calabria, CAL), are shown in Figure 1 . A detailed description of the plots is available in Allavena et al. (2000) and at http://www.corpoforestale.it/conecofor/. All of the beech stands are growing at full density and have reasonably homogeneous structural characteristics (Cutini 2002, Fabbio and Amorini 2002) .
Sampling
Samples were collected in the second half of August 2001 from five trees per stand. Samples were collected by national teams of the Corpo Forestale dello Stato or (for Tuscany and Lombardy) by local teams using the same protocol. Four sun branches were collected from the upper crown of each tree. From each branch, leaves were assigned as follows: 25 leaves for morphology tests; four leaves for anatomical studies; four leaves for micromorphology tests; and 25 leaves for nutrient analysis. All leaves were placed in polythene bags as soon as they were removed from the branches and transported within 2 days in chilled thermally insulated bags to the Laboratory of Forest and Environmental Botany at the University of Florence.
Leaf morphology
Each set of 25 leaves was measured for leaf area (LA) with a leaf area meter (LI-3100, Li-Cor, Lincoln, NE) and dry mass (DM) was determined after drying at 70°C to constant weight.
Leaf thickness (LT) was measured on subsamples of four leaves from each tree. Cross sections were obtained with a Vibrotome 1000 Plus (St. Louis, MO) from two 2-mm 2 fragments of lamina from the interveinal areas of each leaf. Four cross sections of each leaf were measured with a light microscope (Nikon Eclipse E400, Tokyo, Japan) equipped with a calibrated micrometric grid. Leaf mass per area (LMA) and leaf density (LD) were calculated based on the initial area, thickness and dry mass measurements (LMA = DW LA -1 , mg cm -2 ; LD = DW(LA LT) -1 , g cm -3 ). Stomatal density was measured on four leaves per tree. Two 10-mm 2 samples were removed from the interveinal zone of each leaf, dried at room temperature and then gold-coated with a JEOL JEE 4B (Tokyo, Japan). Observations were carried out with an electron scanning microscope (SEM XL20, Philips, Amsterdam, Netherlands) at 15-20 kV. Four photo-prints (80× magnification), representing the abaxial leaf surface, were obtained for each sample. From each photo-print, four square areas (each representing 40,000 µm 2 of the leaf lamina) were selected and the number of stomata counted. Data are reported for each tree.
Leaf chemistry
Element concentrations were determined by the standard methodologies reported by UN-ECE (1997) . For six stands (PIE, LOM, EMI, VEN, ABR and CAL), leaf samples were put in paper bags and dried to constant weight in a ventilated oven at 65°C (generally 48 h) and then finely ground with a micromill. For P, Ca, Mg, K and S analyses, the samples were dry-mineralized in a muffle oven. Ash was rehydrated with water and HNO 3 . Analytical determinations were performed by inductively coupled plasma atomic emission spectrometry (ICP-AES) without ultrasonic nebulization. Nitrogen and carbon were determined with an elemental analyzer CHNS (Carlo Erba 1108, Carlo Erba, Milan, Italy) . For the TOS stand, the pretreatment was the same as for the other plots and the analysis of P and S followed the same procedure. Analysis of Ca, Mg and K was by atomic absorption spectrometry (AAS) with an air-acetylene flame (2280 Perkin Elmer, Worwick, RI). Nitrogen was analyzed by the Kjeldhal method. Each determination was made on three replicates. All concentrations are expressed on a dry mass basis (mg g -1 ), except carbon which is reported in percentage.
Supporting data
For a multivariate statistical analysis of the morphological and chemical results, we used some of the environmental measurement data that are routinely gathered at the permanent monitoring plots, such as crown transparency and ozone concentration (Buffoni 2002) . Crown transparency was evaluated as described in the ICP-Forest manual (UN-ECE 1998). Thirty trees per plot have been selected and are checked annually against predefined standards (Müller and Stierlin 1990) . A transparency class (proportional class with 5% steps, according to the European guidelines) is assigned by experienced personnel and an intercalibration exercise is performed each year . In this paper, we use the plot-level median values of crown-transparency for the 30 selected trees. Ozone was sampled by means of passive samplers developed by the Department of Forest Bioclimatology and Immission Research, University of Munich (Werner 1992 , Hangartner et al. 1996 . The samplers were installed at a height of 2 m at the open-field meteorological stations, which were located in open areas within 1 km of the studied forests. Paper disks were collected weekly and sent to a central laboratory for visual colorimetric analysis (Buffoni and Tita 2000 , Buffoni 2002 . For our study, we used the mean concentration of ozone for the period April 1 to September 30. Crown transparency and ozone data are relative to year 2001.
Because direct measurements of annual temperature and annual rainfall were not made for all plots examined, we used mean data, the reference period of which varied according to the data available. Values were taken from Allavena et al. (2000) and are shown in Table 1 . Other data, such as solar radiation and nitrogen deposition, were excluded because we did not have values for all study plots. Table 1 shows these data for the plots and years in which measurements were made.
Statistical analyses
All parameters considered with their measurement units are listed in Table 2 . The data were processed with the statistical software Statistica 6.0 (Statsoft, Tulsa, OK) and SPSS 11.01 (SPSS, Chicago, IL). Descriptive statistics (mean and SD) and one-way analysis of variance (ANOVA) with HSD (Honest Significant Difference) test (post hoc analysis) were provided for each parameter to verify the significance of differences among plots. Variability and multiple correlations between TREE PHYSIOLOGY ONLINE at http://heronpublishing.com LEAF MORPHOLOGY AND CHEMISTRY IN EUROPEAN BEECH 213 Table 1 . Geographical and environmental features of the sampling plots. Precipitation and temperature data, taken from Allavena et al. 2000 , are yearly mean values for different periods (based on availability of local data). Ozone and crown transparency data were collected within the CONECOFOR Programme (see Buffoni 2002 and and refer to the 2001 survey. Abbreviations: PIE = Piemonte; LOM = Lombardia; VEN = Veneto; EMI = Emilia; TOS = Toscana; ABR = Abruzzo; CAL = Calabria; and meq = milli-equivalent. 
Results
Overall findings
The mean and standard deviation for each measured parameter in each plot are given in Table 3 . Table 4 shows the correlations between stand morphological and chemical parameters and the factor according to the criteria of multivariance. The selection of the number of factors was based on eigenvalues (greater than 1). Factor 1, which explained 28% of the total variance, describes the variation in leaf morphology and N LA parameters in relation to latitude, rainfall and ozone concentrations. Leaf area decreased from north to south, from the zones with more rainfall to those with less rainfall, and as ozone concentration increased. Sclerophylly parameters (LMA, LD and LT) displayed the opposite trend, having higher values in the southernmost plots, characterized by lower rainfall and higher ozone concentrations. Parameter N LA increased as sclerophylly increased. Leaf area was lowest and LD was highest at CAL (the southernmost plot) and ABR. Two northern plots (LOM and, to a lesser extent, PIE) displayed values similar to those of the southern plots (Table 3) . Factor 1 further showed that the sclerophylly parameters were to some extent also associated with crown transparency. Factors 2 and 3, which explained 20 and 11% of the total variance, respectively, describe variations in nutrient ratios and, to a lesser extent, stomatal density along geographical gradients. Foliar concentrations of N and Mg in relation to K, P, C and Ca, as well as stomatal density, all increased in all plots according to a SE-NW gradient. The N/C ratio was highest at LOM and lowest at the southern plots CAL and ABR. The N/K and N/P ratios were highest at LOM, whereas N/Ca and N/Mg ratios were highest at PIE (Table 3 ). An analysis of individual elements showed that Mg was highest and K was lowest at LOM (Table 3) . Sulfur was highest at LOM and CAL.
Ozone increased with increasing altitude and decreasing rainfall; this is described by Factor 4 which explained 11% of the total variance. Unlike Factor 1, the ozone fraction that is explained by Factor 4 appeared to be completely separate from the descriptors of foliar morphology.
Factor 5, which explains 11% of variance, showed that crown transparency is mainly related to site factors: it increased as temperature increased and in the more southerly plots. Stomatal density reduction was also related to increased crown transparency. Table 5 shows the best regression models, selected according to a stepwise procedure, for each foliar parameter (dependent variables) in relation to stand factors (predictors). Significant predictors are given for each regression. When ozone is one of the predictors, the sign of the correlation coefficient of each predictor is also given, as well as the partial and part correlation coefficients between the predictor ozone and the dependent variable. The part correlation coefficient indicates the degree of influence of the predictor ozone alone on the dependent variable in question, without considering the crosscorrelations of ozone with other predictors. The percentage value of the influence exerted by ozone on each dependent variable, calculated as the square of the part correlation coefficient, is given in the last column of Table 5 . Except for LD, ozone appeared to correlate significantly with all descriptors of sclerophylly and with N LA . With increasing O 3 concentration, LA decreased, whereas the factors inversely related to it (i.e., LMA, LT, palisade percentage and N LA ) increased. When mean ozone concentration was included in the regression, it became the most powerful of all parameters considered, i.e., it was the first parameter to be selected and was maintained during the stepwise procedure. Depending on which dependent variable was considered, the degree of variability not explained by the selected regression models ranged from 4 (N LA ) to 30% (LT). Ozone alone explained from a minimum of 9.2% (LA) to a maximum of 39.3% (LT) of the remaining variability; however, the influence of ozone was actually greater, because it also exerted an influence on the dependent variable acting jointly with the other predictors. 214 BUSSOTTI, PANCRAZI, MATTEUCCI AND GEROSA TREE PHYSIOLOGY VOLUME 25, 2005 
Dependence analysis of foliar parameters with stand factor
Discussion
In Italy, beech grows in mountainous regions as well as in the southern Apennines where the beech stands are adapted to prolonged periods of water stress in summer (see Amoriello and Costantini 2000 for indices of water stress) and greater solar radiation (Amoriello et al. 2003) . These stands are genetically distinct from those growing farther north (Leonardi and Menozzi 1996) . Our findings confirmed that variations in sclerophylly in beech stands followed ecological gradients, especially latitude and rainfall. In many species (e.g., Quercus petraea (Matt.) Liebl. (see Bruschi et al. 2003) and Quercus ilex L. (see Gratani et al. 2003) ), genotypes from arid zones are characterized by smaller leaves and by greater sclerophylly than genotypes that have evolved in mesic environments. These differences reflect morpho-functional adaptations to a variety of suboptimal environmental conditions, such as intense solar radiation, water stress and nutritional deficiencies (Castro-Díez et al. 1997 , Groom and Lamont 1997 , Bussotti et al. 2000 , Wright et al. 2001 , Lamont et al. 2002 . Increased sclerophylly (expressed as increased LMA) was associated with increases in the related parameters, LD and LT, suggesting that, in beech, there is no contradiction between the different descriptors (Niinemets 1999 , Wilson et al. 1999 . 216 BUSSOTTI, PANCRAZI, MATTEUCCI AND GEROSA TREE PHYSIOLOGY VOLUME 25, 2005 Table 5 . Stepwise multiple regressions of each foliar parameter versus site parameters and nutrient ratios. The significant predictors selected by the best regression model for each dependent variable are indicated. When ozone is selected as a significative predictor, the sign of the standardized regression coefficient of ozone and of the other selected predictors, together with the partial and part correlation coefficients of ozone with the dependent variable, are also reported. The minus sign indicates that the predictors play a role in diminishing the value of the considered dependent variable. Predictors with an asterisk are normalized variables. Increased LT was accompanied by a more marked increase in palisade mesophyll than in spongy tissue (LT -%Pal: r = 0.78; P < 0.001). Leaf density was inversely related to the N/C ratio (r = -0.34; P < 0.05), implying that, as sclerophylly increased, so did the relative role of structural components (cell walls) as opposed to plasmatic components. The change in N/C ratio was caused by changes in N concentration because the C concentration remained almost constant in all of the study stands, whereas the N concentration was lower in the southernmost stands (CAL and ABR) than in the northernmost stands. Among the environmental variables examined, mean ozone concentration played an important role in modifying leaf morphology. This finding provides confirmation from the field of the analogous effects observed in controlled experiments (Pääkkönen et al. 1997) . Increased O 3 concentrations increased sclerophylly (especially LT and LMA), which is related to cell wall development and to N LA . Sclerophylly is associated with reductions in intercellular spaces (the percentage of palisade tissue increases) and gas exchange rate (Niinemets 1999) . Consequently, ozone uptake by leaves also decreases with increasing sclerophylly.
Both the apoplastic and symplastic components of cells play a role in the foliar detoxification of ozone. The detoxifying enzymes are located primarily in the cell walls (Lyons et al. 2000 , Polle et al. 2001 , Wieser et al. 2003 , Barth and Conklin 2003 , and their syntheses depend on the efficiency of photosynthesis (Fredericksen et al. 1996) . According to Fredericksen et al. (1996) , high photosynthetic efficiency and low stomatal water conductance (g w ) are essential for the activation and maintenance of the detoxifying processes that confer ozone resistance. Low g w and increased sclerophylly (with the consequent increases in apoplastic and symplastic fractions) may help explain the reduced ozone sensitivity displayed by southern provenances of beech described by Paludan-Müller et al. (1999) and Paoletti et al. (2002) .
The LOM beech stand was an exception to the pattern described. At LOM, a high LD and a high N/C ratio were observed, indicating that LD may be a result of the contribution of nitrogen-rich plasmatic components. The high N/C ratio may reflect the combined effect of exposure to high concentrations of O 3 and heavy atmospheric nitrogen deposition, which would reduce the sites where detoxification processes occur (i.e., the apoplastic fraction of cells) and increase the targets affected by the harmful action of ozone. However, nitrogen metabolism of photosynthetic compounds can enable a leaf to carry out detoxification processes (Fredericksen et al. 1996) .
We observed changes in nutrient ratios, especially N/K and N/P. Reduced P and K values, associated with an increase in N, can induce a higher sensitivity to parasite infestations, low temperatures and water stress (Flückiger et al. 1986 , Duquesnay et al. 2000 . The N/K and N/P ratios were unfavorable for growth in the two southern stands (CAL and ABR) and in two northern stands (LOM and PIE). The suggested thresholds for growth of beech trees are 2.5-3 for N/K and 10-15 for N/P, see Flückiger et al. 1986 , Bonneau 1988 . The high foliar nitrogen concentrations in the stands in northern Italy are related to the contribution of atmospheric depositions, which are particularly high in this region (Mosello et al. 2002) . At PIE, the deposition of acidifying substances is also high (Mosello et al. 2002) , and this deposition in combination with the podzolic nature of the soil may account for the low foliar concentrations of alkaline elements (Ca and Mg) and the high N/Ca and N/Mg ratios. The highest foliar S concentrations were found in the LOM and CAL stands. High foliar S concentration may be associated with the widespread pollution at LOM, whereas at CAL it must be related to the deposition of sulfates of marine origin and to the proximity with the volcano Etna (Mosello et al. 2002) .
Stomatal density is related to the ability to regulate gaseous exchange (Gutschick 1999) . The presence of numerous small stomata (high stomatal density) in combination with an increased LMA is considered a xeromorphic adaptation, typical of provenances that have grown and differentiated in dry environments (Abrams 1990 (Abrams , 1994 . In contrast, we found that stomatal density was lower in the southernmost stands than in the northern stands; moreover, stomatal density was related to nitrogen concentration and nutrient ratios (N/K, N/P, N/C, Mg/Ca). This suggests that the increased stomatal density in the northern stands is an adaptation to the physiological risk of water stress (Flückiger et al. 1986 ). High stomatal density may also be induced by high ozone concentrations (Pääkkönen et al. 1998) .
Leaf morphology was also associated with crown transparency, a parameter currently used to assess forest damage (Müller-Edzards et al. 1997) . This relationship may reflect the greater photon flux to which leaves are subjected in transparent crowns relative to leaves in non-transparent crowns. However, because the sample leaves were sun leaves collected from the outer branches, it is perhaps more accurate to state that both crown transparency and sclerophylly are determined by the environmental conditions of the stand. The sclerophylly parameters displayed a marked, albeit not exclusive, correlation with ozone concentrations, whereas crown transparency was conditioned more by stand conditions. Although several studies (Müller-Edzards et al. 1997 , Zierl 2002 have examined the relationship between crown transparency and ozone, contradictory results have been obtained because the effects of ozone, although detectable, are masked by environmental factors.
In conclusion, analyses of leaf morphology and chemistry of beech trees highlighted some examples of foliar responses to stress factors, especially in two southern stands (ABR and CAL) and in two northern stands (LOM and PIE). However, a more in-depth assessment of our findings suggests that, in southern Italy, climate and stand-related factors exert the greatest influence on leaf morphology and chemistry of beech trees, whereas in northern Italy, ozone pollution and nitrogen deposition play a greater role. In the southern provenances of beech, sclerophylly was associated with the environmental conditions in which the leaves were formed and developed; however, we cannot rule out the possibility that sclerophylly is genetically determined (see also Hovenden and Vander Schoor 2004) . Thus, over and above the oxidative stresses typical of the Mediterranean environment, southern provenances are also resistant to the high ozone concentrations that build up under such conditions (Bussotti and Gerosa 2002) . Con-versely, in the northern provenances, and especially the LOM stand, excessive quantities of nitrogen can predispose beech to stresses of various kinds, as well as to the harmful action of ozone. However, even under these conditions, we observed defense mechanisms (high leaf density reduces ozone absorption, whereas high stomatal density makes the regulation of gaseous exchanges more efficient) as well as compensation mechanisms (high N content per surface unit). Crown transparency, however, appeared to be associated with stand-related factors and was therefore a less effective indicator of the impact of ozone pollution.
